The regional ocean circulation along the Southern Senegal shelf is studied using a numerical model for varying forcing fields during the upwelling season (November-May). The main objective is to study the shelf circulation of the marine environment in the Southern Senegal Upwelling Shelf (SSUS), the Lagrangian pathways by which waters are transported to the surface in the upwelling tongue and the fate of these waters. Model results are compared with hydrographic measurements during UPSEN2-ECOAO survey and satellite images datasets. The upwelling source waters and also the warm nearshore waters are analyzed, from a Lagrangian point of view, by computing the paths of particles that are passively advected by the regional ocean model velocity field (ROMS). It was found that the model is capable of representing the main characteristics of the SSUS whose Sea Surface Temperature (SST) patterns and their variability have an important similarities but the assessment of the current simulated by the model is less obvious because of the few available observations. The present results suggest that high frequency of wind has a strong influence over the mesoscale patterns of the crossshore circulation in association with local topography and the presence of the Cape Verde peninsula. These cross-shore circulations are dominated by an onshore flow around 14.5°N and an offshore flow around 14.1°N. The onshore flow is in agreement with the previous eulerian studies regarding the coastal divergence of the surface flow (upwelling) that was strongly localized within a few tens of kilometers south of the Cape Verde in the Hann Bight. Lagrangian experiments show also very clearly that coastal warm waters are upwelling waters that were advected from Hann Bight and underwent a strong warming by the heat flux from the atmosphere to the ocean in a shallow area (∼10 m); therefore, easy to warm up. All numerical solutions have shown a tendency of upwelling particles remaining on the shelf for more than a month. These results may explain the enrichment of water in the SSUS and suggest the need to consider the whole shelf as a retention area.
INTRODUCTION
The Canary Upwelling Ecosystem is a typical Eastern Boundary Upwelling System (EBUS) whose coastal dynamics are directly linked to the atmospheric wind forcing and highly influenced by stratification, shelf/slope topographic shapes, and coastline irregularities (Estrade et al., 2008; Marchesiello and Estrade, 2010; Rebert and Privé , 1974; Roy, 1998; Roy et al., 1989; Demarcq and Faure, 2000) . The wind regime driven by the seasonal migration of the intertropical convergence zone and of the azores high-pressure cell (Wooster et al., 1976; Mason et al., 2011 ) is responsible for quasi-permanent Ekman pumping and coastal upwelling along the southern Canary upwelling system during winter and spring ( Figure  1 ).
The Southern Senegal marine ecosystem plays an outstanding social, economical, and cultural role. It is well-known to be a spawing and nursery area for small pelagics fish species. The Southern Senegal Upwelling Sector (SSUS) has an intense activity of artisanal and industrial fishing and generally of strong anthropic pressures. Recently, several research activities has focused on this part of Canary current system, including numerous in-situ observations specifically in the upwelling zone located south of Dakar on a broad and shallow continental shelf (Ndoye et al., 2014 (Ndoye et al., , 2016 Mbaye et al., 2015; Faye et al., 2015; Capet et al., 2017) . Despite these efforts, its dynamics and even its mean circulation patterns are poorly known (Mbaye et al., 2015) .
Recent studies combining observations and numerical simulations have suggested that the topographical features and subtleties in the wind spatial/temporal structure have a major impact on upwelling water pathways and overall dynamical, hydrological, biogeochemical, and ecological Pitcher et al., 2010; Ndoye et al., 2017; Messié and Chavez, 2015; Zhang et al., 2015; Brochier et al., 2018) .
The effect of topographic features, such as capes and headlands modulates dramatically the onshore movement of upwelled water and favors the formation of stationary coastal upwelling centers (Ndoye et al., 2014 Capet et al., 2017) . Southern Senegal Upwelling Sector (SSUS) is characterized by a major coastline irregularity in its north part (the Cape Verde peninsula hereafter 'CV') and a wide continental shelf further South (Figure 1 ) (Ndoye et al., 2014 Capet et al., 2017) . In the sector, the onshore transport and nearshore retention of surface waters play a major ecological role for small pelagic fish reproduction. The understanding of the pathways by which the deep waters reach the surface and these associated circulations remain severely limited (Rivas and Samelson, 2011) .
The purpose of this paper which is a follow-up of the work of Ndoye et al. (2017) , is to study numerically the circulation off SSUS with particular focus on identifying the pathways of the upwelling waters e.g. the source and fate of this upwelling water. The results were analyzed from different ROMS numerical simulations using climatological wind, synoptical wind with and without tide forcing. This approach (that is using different simulations) permits enhanced robustness of the results of the present study. The fate of this upwelling water is a broad subject that would only be addressed in part. The focus of this study would be in particular on the link between upwelling waters and warm nearshore waters generally considered very favourable to retention using the three simulations.
The model configurations and Lagrangian particle tracking experiments are first described, followed by model solutions analyses along with a representative set of the model-data comparisons and the 3-D modeled circulation. Further, the trajectories of water masses were discussed using Lagrangian float diagnostics; conclusions are offered and suggestions on the probable SSUC ecosystem pollution are presented.
MATERIALS AND METHODS

Description of model settings and configurations
The Regional Ocean Modeling System (ROMS) McWilliams, 2005, 2009; Haidvogel et al., 2008) , a 3D free-surface, sigma coordinate, split-explicit equation model with Boussinesq and hydrostatic assumption with the AGRIF 2-way nesting capability (Penven et al., 2005; Debreu and al., 2012) were used in this study. ROMS is a hydrostatic, primitive equation ocean model that solves the Reynolds averaged form of the Navier Stokes equations on a horizontal orthogonal curvilinear Arakawa ''C'' grid and uses stretched terrain following coordinates in the vertical. It can be configured depending on user application which has several choices for advection schemes, turbulent closure, wet-dry, and many types of boundary conditions.
The parent grid (extends from 6°N to 35° N and from 6°W to 32° W) covers most of the Canary current system with a horizontal resolution of ∆x ∼ 10 km. A child grid for the Senegal coastal ocean extends from 12 to 18° N and from to 15 to 20° W with ∆x ∼ 2 km (Figure 1) . The model has 50 vertical levels unevenly distributed to increase upper ocean resolution (grid parameters are θs = 7, θb = 0, Tc = 200 m) . Bathymetry is derived from GEBCO1 (Global Earth Bathymetric Chart of the Oceans; www.gebco.net) but it was modified over the shelf and slope between 10 and 21°N to remove bathymetric artefacts produced by gravimetric anomalies. To this end, isobath positions from the Centre de Recherche Halieutique de Dakar Thiaroye (CRODT) and Institut de Recherches pour le Développement (IRD) bathymetric charts were digitalized with resolution ∼1 to 2 km. Krigging was then applied to obtain a gridded bathymetry at 2 km resolution . Its main limitation is over the inner shelf where it lacks localized outcropping and submerged shoals, in particular near 14° 20'N. Initial and parent boundary conditions are from the Simple Ocean Data Assimilation (SODA) re-analysis version 2.1.6. Precisely, boundary conditions are based on a monthly climatology over the period 2000 to 2008 during which SODA version 2.1.6 (Carton and Giese, 2008 ) is forced using QuikSCAT winds. Monthly climatological forcing for freshwater fluxes (E-P) is derived from the 0.5° COADS (Comprehensive Ocean-Atmosphere Data Set) *Corresponding author. E-mail: siny.ndoye@ucad.edu.sn. climatology (Worley et al., 2005) . Surface heat fluxes combine biases present in pathfinder data which are used elsewhere in the TROPFLUX climatology (Praveen Kumar et al., 2013) where it is available (± 30° latitude) with 0.5° COADS at higher latitude. A linear transition between the two products is made over 220 km. A restoring term is added to heat and freshwater forcing terms. Over the Senegal region (12°-18°N, 16°-20°W) observed SST is from the Moderate Resolution Imaging Spectroradiometer (MODIS) climatology (Savtchenko et al., 2004) . This corrects substantial present observed SST product SST bld . For heat, a final flux adjustment is made as follows: a first simulation is computed over a 10 year period with HF bld and restoring; the climatological heat flux due to the restoring term is then diagnosed and added to HF bld to form an adjusted fixed part of the heat flux forcing HF adj . Note that river runoff is not accounted for in these simulations but that their effect is insignificant during the period of interest.
The net heat flux received by the simulations, analyzed in this study is then:
The flux adjustment procedure is applied on the basis that a perfect coastal ocean model forced by perfect but low-resolution heat fluxes would develop fine-scale SST biases that would then correct the net heat fluxes received by the ocean, through the restoring term. Incorporating this restoring contribution into the fixed flux itself would then yield more realistic net heat fluxes without any need for model SST deterioration. has both daily winds and M2/S2 tidal forcings imposed at the parent grid boundaries. Tidal forcing is derived from TPXO 6.2 (http://volkov.oce.orst.edu/tides/global.html).
Lagrangian particle tracking experiments
The paths of the upwelling source water and the fate of these upwelling water are analyzed using a ROMS-offline tracking module (Roff) to calculate the numerical Lagrangian (float) trajectories from stored ROMS daily-averaged 3D velocities fields (Carr et al., 2008; Capet et al., 2008; Montes et al., 2010; Mason et al., 2011; Thomsen et al., 2016) . Floats are advected either backward in time for 60 days in order to determine the locations of the upwelling sources waters and the warm nearshore waters.
Two experiments have been done.
Release in the warm nearshore strip between 12° 45'N and 14°N
A total of 585 particles per release have been distributed For the S hfw simulation, a significant fraction (∼ 20%) of particles did not exit the inner shelf region and was discarded from subsequent pathway analysis. Because of this, retention was presumably underestimated (but coastal processes not represented in the model may also prevent very long retentions which occur overwhelmingly when particles approach so close to shore that they enter in areas where the present model has near-stagnant coastal waters).
Release in the upwelling cold tongue (along the position of the zonal SST minima)
This experiment consisted of release particles along the position of the zonal SST minima (Ndoye et al., 2014) . A number of 299 particles per release are distributed at 1 m below the mixing layer depth for two-month backward in time integration. This depth was chosen because mixing can destroy the identity of the floats and introduces an inevitable ambiguity into an attempt to analyze Lagrangian trajectories (Rivas and Samelson, 2011) . The two months backward in time integration were carried out every 5 days during the 1st of March through 30th of April.
General assessment of the simulation
To assess the realism of the present simulations, several data products (in-situ and satellite data) were used.
Sea surface temperature
The L2 MODIS onboard the Terra and Aqua satellites described in Ndoye et al. (2014) have been used for 2002 to 2016 to assess the variability of sea surface temperature and also to highlight the displacement of the cold tongue patterns. This allows identifying some typical features associated with the currents surface patterns as discussed within Ndoye et al. (2014 Ndoye et al. ( , 2017 .
Currents from UPSEN2-ECOAO
To evaluate the local circulation, the currents data from the Upwelling du Sénégal 2 (UPSEN2) -Écosystèmes de l'Afrique de l'Ouest (ECOAO) survey on 23 February to 12 March 2013 in the SSUC area were used. More details about the description of data and field experiments could be found in Capet et al. (2017) .
RESULTS
Evaluation of the different simulations solution
Ocean model simulations can provide some insight on the ocean variability. To assess the performance of the model, the main results of the 3 different realistic runs in terms of mean circulation features and mesoscale dynamics were present and they were compared in situ with data and satellite SST/SSH products available presented earlier. Despite the scarcity of in situ measurement in the SSUC, Ndoye et al. (2017) show that the model is able to reproduce fine-scale (20-100 km) SST features observed in satellite SST images whose presence is due to the 3D circulation. Figure 2 shows the climatology February to April of SST for the three simulations and MODIS observations processed as described in Ndoye et al. (2014) , as well as model biases. Overall, these simulations reproduce qualitatively well the cold tongue located in the mid-shelf and their seasonal displacement, the warm offshore and nearshore waters and the average frontal structures on its inshore as well as offshore edges. A relatively uniform warm bias of amplitude 0.3 to 1°C is present over most of the shelf with limited sensitivity to the forcing choices (although S hfw biases are weaker, ∼0.3 to 1°C). The warm bias is slightly reduced in the S hfw simulation. The slightly increase of bias in the S tid simulation in the shelf break is due to the tidal effect on the continental slope. A patch of cold bias is found near the coast around 14.15°N under the Cape Gombaru (Figure 2a ) (Ndoye et al., 2014) .
As mentioned earlier, model heat fluxes were adjusted so as to limit differences between model and MODIS SST, so the remaining biases were interpreted as a consequence of imperfections in the simulated dynamics (with a possible contribution from the wind forcing). To summarize, the mean modeled structure from all simulations of the SSUS is comparable with the satellite observations (SSH/SST) and the cold tongue patterns (Demarcq and Faure, 2000; Roy, 1998) . Along with previous comparisons made by Ndoye et al. (2017) , a limited sensitivity was found to be the forcing realisms, e.g., adding tides or removing the winds high frequency content does not significantly affect the model circulation and thermohaline climatological states. The seasonal cycles of SST/SSH are well captured by the three simulations (not show).
Shelf circulation
The description of the mean modeled circulation are complemented by presenting vertical cross-shore sections of alongshore currents at the two cross-shore sections (13°N and 14°N) , which are compared to a meridional subinertial currents over the entire deployment period during UPSEN2 . Figure 3 shows the results for these 2 cross-shore sections of S hfw simulation which warm bias is slighly reduced. The main characteristics of the meridional current are well reproduced. These simulated surface and sub-surface currents have been qualitatively observed during the UPSEN2 experiments.
Vertical sections of meridional velocity show a typical circulation in an upwelling current system with a coastal upwelling jet (equatorward upwelling flow) and a poleward undercurrent trapped on the slope. The coastal upwelling jet is very intense and deeper north of the 3) are generally found over the slope and the outer shelf area like the intense poleward current observed during UPSEN2-ECOAO survey . The depthlatitude sections along the 100 m and 50 m isobaths of zonal and meridional current, respectively allow highlighting the structure of currents on two zones of the shelf (shelf break/midshelf) in which dominate respectively the undercurrent towards the pole and the upwelling jet. At the 100 m isobaths, the undercurrent is present except in a part of the mixed layer where the currents (weaker) are directed southwards. As discussed earlier, the undercurrent tends to deepen to the north with a core of ∼55 m to the south and 60 to 70 m to the north of the section. On average during the core of the upwelling season (February to April), the intensity of the undercurrent remains low and does not exceed 10 cm.s −1
. The cross section of the meridional current v at 14°N measured on February 23, 2013 during UPSEN 2 (Figure 4) shows the presence of the upwelling jet at the shelf and the undercurrent with the core located between 60 and 90 m. To highlight the structure of currents on the two areas of the shelf which dominate, respectively the undercurrent towards the pole and the coastal upwelling jet (the shelf breaks the midshelf), the depth-latitude section of zonal and meridional currents along the 100 and 50 m isobaths, respectively (Figures 5 and 6) . Figure 6 (1a, 2a and 3a) confirms the dominance of the coastal jet in the midshelf with a sharp decrease in onshore current intensity located at surface and around 14.5° N in the S tid simulation. In the case of a simplified 2D upwelling, the cross-shore circulation is composed of Ekman currents (directed offshore) in the surface mixed layer and currents toward the coast (directed onshore) in subsurface and near the bottom to compensate for Ekman transport. This cross-shore cell of the 2D model is not visible except locally around 13°N -13° 30'N on the 100 m isobath in the S clm and S hfw simulations. On the 50 m isobath, there is essentially a barotropic circulation dominated by three veins of currents: two of them are located south of Cape Verde, the onshore vein around 14.5° N and the offshore veins around 14.1° N (only visible in the S clm simulation, Figure 6 (1b)) and another offshore vein at the north of Cape Verde. This offshore vein at the north of Cape Verde is consistent with the presence of an upwelling filament (Alpers et al., 2013) . The Cape Verde filament transports nutrients from the upwelling region westward and affects strongly the large scale circulation. The cross-shore current on 100 m isobath is very similar to that on 50 m isobath above ∼50 m depth, they are influenced by the cape verde headland and the filament north of Cape Verde (Figure 51b and 6  1b) . Important vertical gradients of cross-shore current are found around 40 to 50 m with a much lower intensity or even opposite signs. In summary the main zonal components of the Southern Senegal upwelling system: subsurface cross-shore velocities directed onshore and cross-shore velocities in the surface boundary layer essentially directed offshore , are also well reproduced. The high frequency forcing and tide involve the mean onshore flow in the shelf.
The Lagrangian pathway of the upwelled water
The alongshore pressure gradients directed towards the equator and the presence of the Cape Verde peninsula are an important component of regional upwelling dynamics. They are the origin of the patterns of circulation described earlier. They play an important role in the upwelling structuration. An alongshore pressure gradient driving an onshore geostrophic current ( Figure  51b) , that is, a more realistic onshore transport, which compensates the Ekman transport. All simulations show an acceleration of the geostrophic current over the Hann Bight where the coldest temperatures were found in satellite observations (Ndoye et al., 2014 ). An eulerian analysis presented by Ndoye et al. (2017) shows that the important fraction of SSUS upwelling takes place in the northern part (north of 14°20 N). To complete this eulerian analysis, a quite analysis of Lagrangian analysis of the upwelled water was shown. As described earlier, the Lagrangian experiment comprised to release particles along the position of the zonal SST minima (Ndoye et al., 2014) . Figure 7 shows respectively the particle trajectories followed by water which arrives in the cold tongue released on March 15 of the year 15 in S clm and on March 15 of the year 2004 in S tid . Most of particles come from deep waters outside the continental shelf from the southern domain both on these two significant examples. These trajectories allow identifying two areas where particles enter to the shelf. The first one is located between 13°15'N and the second near the Cape Verde peninsula with a greater spread of trajectories at the time of crossing the shelf and also in the deep ocean. To clarify these visual impressions, the position of particles where they enter onto the shelf were determined. The magenta line at 17°27'N in Figure 7 represents the position of the section where particles are intercepted to determine their location of entry onto the shelf. For this analysis, the latitude and depth were identified at which a particle cross for the first time (in backward integration) the barrier (magenta line described earlier), then the time when they cross onto the shelf to know how long the particle resided on the shelf. In both S tid and S clm simulations, the maps of latitude-depth probability density function confirm that existing regional domain from upwelled water enter to the shelf, primarily north around 14°30'N but also south between 13°N and 13°30'N in agreement with the cross-shore current section on the 100 m isobath. In the S clm simulation, the majority of the entries of water are between 0 and 60 m depth in the north entrance branch with a rather homogeneous distribution on the vertical which is in good agreement with the onshore circulation vein at 14° 30'N (Figure 6  1b) . However in the other simulations where the vein of current is significantly less pronounced, the particles enter onto the shelf at greater depths on average, with a maximum value of probability around 40 to 60 m and also 80 to 100 m. The tracking of upwelling particles entering the southern part of the SSUC shows that most of them continue to be transported northwards by the extension of the undercurrent located on the shelf edge before being advected towards the central part of the shelf then towards the south. However, the synoptic variability of the wind plays an important role for the movement of particles because it is in the synoptic simulations with and without tide they take less time for the shelf edge to their position of release (less than 20 days on average, Figure  8 ). The systematic reduction of this time (duration between entry and final position) for synoptic winds compared to climatological winds forcing can therefore be explained by the existence of "shortcuts" for particles that pass less frequently by the northern area (north of 14.2° N).
The source of the coastal warm water
The warm wedge has generally been interpreted as a retention area of importance for the survival and recruitment of pelagic fish juveniles (Roy, 1998; Mbaye et al., 2015) . The solutions of this study allow the investigation of the reality of the retention and the origin of these waters. To do so we track backward in time particles released in the locations were chosen to cover the warm inner-shelf region between the latitudes 12° 45'N and 14°N (longitude range was 16°42'-16°54'N). The trajectories also allow us to confirm the dominance of the northern supply of upwelling waters. In Ndoye et al. (2017) , it was reported that classical 2-D vertical (2DV) explanation leaves key questions unanswered about origin and renewal of the water in the strip. Focused to the synoptical simulation without tide, they also show that particles are subsequently advected northward and upshelf until they penetrate into the Hann Bight; then, they flow southward while remaining confined nearshore (Figure 9) .
Here, this description was completed using the climatological simulation and the synoptical simulation with and without tide. Figure 9 shows that in the climatological simulations, particles with paths originating outside (in the subsurface) of the shelf domain and arriving at their final positions are found throughout the entire warm inner shelf region. All simulations confirm that floats released inside nearshore the warm wedge, are overwhelmingly associated with waters upwelled in the Hann Bight particularly the climatological simulation. The addition of the synoptic variability of the wind complicates the trajectories defined in the climatological simulation (Figure 9a ), most particles originate from the northern part of the cape, while others from the south (Figure 9b and c) . The paths that originate at deeper levels, below 50 m, are advected by Northward undercurrent near isobath 100 m ( Figure 5 ). Southern particles come from offshore deep ocean waters above 18°30'W. However, it is even more complex in the S tid simulation where we clearly saw a significant number of particles coming beyond 19°W between 14°30'N and 15° N. Figure 10 show the latitude-depth probability density function for the location of final entry onto the shelf and confirms the visuals analysis of the present study described earlier.
In both the S tid and S hfw simulations, the dispersion of the entry position increases as compared to S clm simulation where it remains weak. Unlike the pathways of the tracking experiments under the minimum of SST, the entry depth onto shelf located north of 14°30'N is insensitive to the forcing products used. The existence of a small number of particles entering the shelf around 13°30'N should be considered with caution. Following the trajectories of these particles after crossing the shelf to their final positions, the present study has shown that they penetrate systematically into the zone situated south of Dakar between 14° 30'N and 14° 45'N (Figure 10d, e, f) . This means that these particles remain on the outer edge of the shelf and then, are advected northward by the undercurrent (Figure 6 ) until they penetrate into the Hann Bight where Ndoye et al. (2017) found the largest value of horizontal divergence. The quasi-zero probability density around 14° N in the climatological simulation shows the quasi-permanent filament around 14° N (Ndoye et al., 2014) in this simulation, which transports the waters offshore (Figures 5 and 6 ). The time take by each float from their entries to the shelf until their final positions have been computed and presented in Figure  10g ,h,i. An accelaration of particles was found after they penetrate into Hann Bight in the S tid and S hfw simulations. In the S clm simulation, ∼74% of the particles have made less than 30 days on the shelf (since their entry to the release zone) whereas this percentage is 80% (resp 82%) in the S tid (resp S hfw ) simulations. These results are important and show the existence of upwelling particles that remain in the shelf for several weeks. The time spent by the particles explains partly the enrichment of the waters in this southern part of Senegal. Both alongshore and cross-shore circulation along the Southern Senegal coast are consistent with Lagrangian analysis which shows that warm nearshore water is an upwelled waters which originate offshore in the subsurface and are advected northward by undercurrent until they penetrate into Hann Bight.
DISCUSSION AND CONCLUSION
Several ROMS numerical simulations were carried out varying forcing field during the upwelling season to improve our understanding on the shelf circulation, the pathways followed by the upwelled water and also the origin of the warm coastal water during the previous months. In a context of recent discoveries of hydrocarbons (oil and gas) in the Southern Senegal and the need to manage potential environmental impacts, clarifying the patterns of circulation over the shelf and the Figure 10 . top) Latitude-depth probability density function (PDF, method described in the work, for the release in the warm nearshore strip between 12° 45'N and 14°N) for the location of final entry onto the shelf (determined using all trajectories of particles that exit the shelf during their 2 month backward integration; log10 units); middle) The maximum latitude after crossing the barrier (magenta line at 17°27'N in Figure 7 ) as a function of latitude at the time of crossing; and bottom) Latitude time probability density function for the location final position. These figures show in term of PDF the duration when they cross onto the shelf until their release position.
underlying dynamics is important. In Ndoye et al. (2017) , how the presence of Cape Verde and also the existence of an equatorward pressure gradient exert a major influence on the SSUS dynamics and circulation. This present study proposes a more comprehensive analysis of the shelf circulation was showed. Numerical simulations show a good agreement with available observations (SST) and in situ measurement of velocity available. This study focused to provide more details about the cross-shore and alongshore circulation over the slope and the shelf. The assessment of current simulated by the model is less obvious because of the few available observations. It can only be said that the circulation of the model is globally consistent with circulation expected in the upwelling system. The modeled currents show good qualitative agreement with observed currents from the UPSEN2 surveys. The Cape Verde Anticyclone (related to our previous study) is well reproduced in the S clm and S hfw simulations. It was noticed that mixed layer is relatively deeper in the S tid simulation because tidal currents modify the intensity of mixing in a stratified situation in the shelf break and at near bottom. Generally, all of cross-shore patterns at the slope described earlier are present in the three simulations except the onshore current associated with the anticyclonic eddy (Cape Verde Anticyclone) into the S tid simulation ( Figure 5) . Nevertheless, the intensities of onshore current over the midshelf just south of Cape Verde peninsula are highly reduced in the S hfw and S tid simulations due to the effect of wind synoptic variability ( Figures 5 and 6 ). The westward current flow located around 14.16° N along the 50 m isobath, in the S clm simulation has almost disappeared due to wind synopticity. Apart from the appearance of a slow surface onshore current around 13°30'N, the across-shore circulation is more typical of an upwelling system with a Ekman surface current directed offshore and the subsurface compensation current directed to the coast (2D view). On average in the core of the upwelling season (February to April), the intensity of the undercurrent remains slow and does not exceed 10 cm.s −1 while in Peru it is in order of 30 cm.s -1 (Echevin, 2013) .
All results confirm:
(1) the ability of the model to reproduce the main characteristics of the SSUS, namely the seasonal variability of the SST.
(2) that the cross-shore circulation in the SSUS is dominated by an onshore flow near the Hann Bight (around 14°30'N) and an offshore flow around 14° N. (3) that the alongshore circulation is a typical circulation in an upwelling current system with a coastal upwelling jet and a poleward undercurrent trapped on the slope. (4) Both alongshore and cross-shore circulation along the Southern Senegal coast are consistent with Lagrangian analysis which shows that warm nearshore water are an upwelled waters which originate offshore in the subsurface and are advected northward by undercurrent until they penetrate into Hann Bight. The high frequency forcing introduces some complexity In the upwelling pathways because upwelling wind relaxations and intensifications produce flow reversals, in addition to those associated with the intrinsic variability of the coastal current systems.
More specifically, the circulation of the model is at odds with many aspects of the circulation patterns previously identified or proposed in previous studies of Rebert and Privé (1974) and Teisson (1982) .
The patterns of circulation described in this study and the pathways followed by upwelled waters offers important insight into retention properties of the system and into the constraints exerted by the flow on fish reproduction area. It is well know that offshore transport limits considerably recruitment in productive upwelling regions except in the recirculation features that form in the lee of headlands (Morgan and Fisher, 2010) . The comparisons between S clm and S hfw simulations show that wind fluctuations have a direct effect on the mean surface/subsurface flow due to the increased mixing as previously found in other upwelling sectors (Roughan et al., 2005; Gan and Allen, 2002; Cervantes and Allen, 2006) .
However, for the vertical turbulence closure we rely on KPP. In these simulations, the bottom friction is linear with a drag coefficient equal r=3.10 -4 s -1
. Some additional experiments were carried out using quadratic bottom stress formulation with r 2 =1.5 10 -3 m -1 (low drag) and r 2 =6.10 -3 m -1 (high drag) only led to minor changes of the model climatological circulation and thermohaline state.
Based on the previous results ) and the analyses presented herein, we propose the new conceptual circulation over the Southern Senegal shelf (Figure 11 ). This scheme is tentative in that it relies on model simulations that have received limited direct evaluation of the current fields (but the SST patterns are indirectly, strongly suggestive that the zero-order model circulation is realistic.
To validate the specific details of the Lagrangian diagnostics and currents structures, large numbers of in situ observations are needed (a long time series). The paths of the water masses highlighted by the Lagrangian simulations can be partly evaluated by the deployment of drifting buoys or dye release experiments in the coastal waters of Senegal. The use of drifting trajectory data from the COCES and COCES2 programs (Faye et al., 2015) could already provide useful information. The non hydrostatic process might be certainly an important limitation particularly in the coastal band (e.g. depth below 10 m).
Irrespective of possible model biases, the present analyses and findings indicate the urgent need to revisit the previously accepted circulation scheme (particularly with respect to retention).
